Amyloid fibril formation, as observed in Alzheimer's disease and type II diabetes, is currently described by a nucleation-condensation mechanism, but the details of the process preceding the formation of the nucleus are still lacking. In this study, using an activation-relaxation technique coupled to a generic energy model, we explore the aggregation pathways of 12 chains of the hexapeptide NFGAIL. The simulations show, starting from a preformed parallel dimer and ten disordered chains, that the peptides form essentially amorphous oligomers or more rarely ordered ␤-sheet structures where the peptides adopt a parallel orientation within the sheets. Comparison between the simulations indicates that a dimer is not a sufficient seed for avoiding amorphous aggregates and that there is a critical threshold in the number of connections between the chains above which exploration of amorphous aggregates is preferred.
I. INTRODUCTION
Around 20 diseases, including Alzheimer's disease, Creutzfeldt-Jakob's disease, and type II diabetes, are known to be associated with the assembly of normally soluble proteins into amyloid fibrils characterized by a cross-␤ structure. This propensity to aggregate into amyloid fibrils seems to be a generic property of many proteins: insulin and myoglobin form fibrils under proper destabilizing conditions, 1 and peptides with as little as three to seven residues form welldefined fibrils with all the characteristics of amyloid fibrils built from large proteins. [2] [3] [4] [5] Because these fibrils are insoluble, it is difficult to resolve their structures at the atomic level, 6 but we know that the ␤ sheets run perpendicular to the fibril axis. Based on solid-state NMR studies of A␤ peptide 7 and WW domain 8 and x-ray crystallography of a seven-residue fragment from the Sup35 prion protein, 6 there is also increasing evidence that fibrils may share an elementary motif with steric zipper side-chain interactions.
The assembly leading to amyloid fibril appears to be compatible with the nucleated polymerization model. 9 In this model, the rate-limiting step is the formation of a nucleus resulting from an equilibrium between monomers that are and are not assembly competent. The signature of this ratelimiting step is the presence of a lag phase in polymer growth, which varies with protein concentration, salt, and agitation. Once a nucleus is present, maturation into fibrils is rapid. 10 Structural characterization of these early oligomers is difficult to obtain experimentally as they are typically short lived and there is no unique mechanism for aggregation. For example, Bader et al. found that the process of aggregation can take place from downhill formation of relatively amorphous species or nucleated formation of highly organized structures. 11 While experiments cannot probe the early oligomers at an atomic level of detail, this regime is ideally suited for computer simulations. For example, the aggregation of small oligomers, ranging from dimers to octamers, has been examined by using a number of different computational methods and protein energy models. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The assembly process of larger oligomers, ranging from 12 to 96 chains, has also been studied using discontinuous molecular dynamical ͑DMD͒ simulations coupled to a simplified chain and energy representation. 22, 23 Dissecting the assembly of peptides with no sequence homology is important to identify the universal features driving amyloid fibril formation and the oligomeric species intermediates that are cytotoxic. Simulations of on-lattice peptides have provided insights into the thermodynamics and kinetics of dimers, 24 trimers, 25 and tetramers, 26 but the system size falls below the critical nucleus size. 27 Two computational studies using very low resolution models have shown that variation in the ratio of intermolecular to intramolecular native attractions 28 or in the stability of the amyloid-competent conformation 29 shifts aggregation from a͒ Author to whom correspondence should be addressed. Electronic mail: philippe.derreumaux@ibpc.fr fast to slow routes. However, the first study uses a Go-type potential and the second uses a very simplified model where each monomer has only one dihedral angle.
To overcome the limitations of low resolution protein models and the sampling problem of all-atom molecular dynamics ͑MD͒ simulations, we use here an activationrelaxation technique ͑ART͒ nouveau 30 in combination with a generic energy model ͓optimized potential for efficient peptide structure prediction 31, 32 ͑OPEP͒ to study the aggregation process of fragment 22-27 ͑NFGAIL͒ of the human islet amyloid peptide. Aggregates of the full-length peptide are found in pancreatic islet cells of patients with type II diabetes. In addition, the fragment NFGAIL forms amyloid fibrils in vitro 2 and is a target for inhibitor development. 33 The peptide NFGAIL has already been a subject of all-atom explicit solvent MD simulations, but they explore local fluctuations around preformed assemblies 34, 35 or randomly chosen structures. 36 To our knowledge, the present system represents the largest oligomer studied using unbiased simulations and all-atom main-chain peptides to capture the pathways between misfolded and fibrillarlike structures.
The organization of this paper is as follows. We first present the ART-OPEP procedure and the variables used to monitor the aggregation process. We then make a detailed description of the fast and slow aggregation routes. We find that a rapid fibril growth seems to require a relatively small number of connections between the monomers. In a similar way, we observe that a slow decrease of the radius of gyration during the lag phase also seems to play a critical role in accelerating the aggregation kinetics of small peptides.
II. METHODS
ART-OPEP has already been applied to a number of amyloid-forming peptides, including KFFE from tetramers to octamers, 16, 17, 19 A␤͑16-22͒ dimers and trimers, 14, 18 and A␤͑11-25͒ tetramers. 20 This procedure can be applied to any amino acid sequence and multichain system.
A. ART
Conformational sampling is carried out using ART nouveau, which allows one to find a series local minima connected by shared first-order transition states without having to wait for the rare thermal vibrations able to cross energy barriers. 30, 37 An ART event consists of four basic steps. Starting from a minimum, a randomly chosen chain of the system is pushed in a random direction until a direction of negative curvature on the energy landscape ͑a negative eigenvalue of the Hessian matrix͒ appears. The system is then pushed along the eigenvector associated with the negative eigenvalue, and its energy relaxed in the perpendicular hyperplane, until the total force approaches zero, indicating convergence on a first-order saddle point. These first two steps constitute the activation process. Following this, the system is pushed slightly over the saddle point and is relaxed to a new local minimum. This step is called the relaxation process. Finally, the new configuration is accepted or rejected using the Metropolis criterion.
B. OPEP
The atomic interactions are described using OPEP. This potential uses a simplified chain representation with all backbone atoms included ͑i.e., N, H, C ␣ , C, and O͒ and each side chain ͑Sc͒ is modeled by a single bead with appropriate van der Waals radius and geometry. 31, 32 The OPEP energy function, which includes solvent effects implicitly, is expressed as a function of three types of interactions: harmonic potentials for maintaining the stereochemistry of the peptides, pairwise contact potentials between main chain-main chain, side chain-main chain and side chain-side chain particles ͑considering all 20 amino acid types͒, and backbone twobody and four-body ͑cooperative͒ hydrogen bonding interactions. 31, 38 Using the same set of parameters, OPEP describes properly the energy surfaces of small peptides in solution with the lowest-energy structures superposable on the experimental ones. These include a 14-residue ␣-helix, 37 a 16-residue ␤-hairpin, 39 and the A␤͑21-30͒ fragment. 40 This demonstrates that, although the competition with solvent is not treated explicitly and the complexity of side chains is reduced, OPEP captures the physical forces to stabilize accurately either secondary structures or disordered forms.
C. Analysis
To follow the assembly process, we analyze the total energy E and the orientation between chains i and j using the scalar product between the end-to-end unit vectors of each chain, 14 the radius of gyration ͑R g ͒, the end-to-end C ␣ distance of each chain, and the number of hydrogen bonds ͑H bonds͒ determined using the DSSP program. 41 We also monitor the number of Sc-Sc contacts between two chains and the number of connections between a seed ͑a dimer here͒ and the remaining chains. Two side chains k and l of van der Waals radius R k and R l ͑Ref. 31͒ are in contact if they deviate by less than R k + R l + 1 Å. Here, the number of connections is the total number of chains interacting with the chains i and j constituting the dimeric seed. This parameter differs from the parameter used by Jang et al., 28 which measures the ratio of intermolecular to intramolecular native attractions. All snapshots are produced with the VMD software 42 using the NewCartoon graphical representation, which fully respects the secondary structure assignment of STRIDE. 43 
D. Details of the simulation
We simulate 12 Ac-NFGAIL-NH 2 chains, i.e., blocked by acetyl and amine groups, at high concentration. In order to gather statistics on the aggregation pathways, 12 simulations are started from a single initial state with different seeds for the random number generator. This initial state contains a preformed parallel two-stranded ␤ sheet and ten disordered chains randomly oriented with respect to each other in a sphere of 70 Å diameter. Identical results are obtained without the preformed ␤ sheet, since this dimer can rapidly break apart. Each simulation is run for 12 000 events at a Metropolis temperature of 330 K, leading to an acceptation rate of about 75% and taking eight weeks on a single 1.3 GHz processor IBM Power 4. The relationships between our Metropolis temperature and the real temperature and between ART trajectories and MD-based dynamics have been discussed previously. 44 
III. RESULTS

A. Structural diversity of the lowest-energy arrangements
Of the 12 simulations, one run leads to a well-ordered structure while the 11 others locate amorphous aggregates. By looking at the lowest-energy structure generated in each of the 12 simulations, we can identify two general topologies, dubbed T1 and T2, shown in Fig. 1 . T1, associated with run R1, counts a single member. T1 has a total energy of −279.7 kcal/ mol and 67% of ␤ strand and is characterized by a five-stranded parallel ␤ sheet interacting with one mixed three-stranded and one two-stranded parallel ␤ sheet and two elongated chains ͓Fig. 1͑a͔͒. In contrast to T1, T2 reached by runs R2-R12 is amorphous in character, has a ␤-strand content varying between 0% and 12%, and has an energy varying between −256.0 kcal/ mol ͑run R2͒ and −271 kcal/ mol ͑run R9͒ ͓Figs. 1͑b͒-1͑d͔͒.
Interestingly, R g is 11.4 Å for T1 and lies between 10.6 and 11.1 Å for all T2 representants, and thus the density of the oligomers varies little between T1 and T2. The energy difference between T1 and T2 does not result from the side chain-side chain interactions, but rather from the H bond contents: T1 has almost 1.7 times more H bonds than the representative T2 structures shown in Figs. 1͑c͒ and 1͑d͒ .
As is evident from Fig. 1͑a͒, T1 does not show all the cross-␤ structural characteristics of amyloid fibrils: the intersheet C ␣ -C ␣ distance of 10-11 Å observed by x-ray fiber diffraction and solid-state NMR ͑Refs. 7 and 45͒ is lacking, but the intrasheet C ␣ -C ␣ distance of 4.5 Å is observed. In T2, the later average C ␣ -C ␣ distance is 5.5 Å. We also find that T1 displays a strong preference for a parallel orientation of the strands with in-register interactions, in agreement with the model for amyloid fibrils of human amylin proposed by Kajava et al. 46 and the initial events observed by all-atom 50 ns MD simulations in explicit solvent. 36 This preference for parallel strands is not supported by the results of shorter MD simulations where a lack of preference toward either parallel or antiparallel orientation 35 and a preference for antiparallel strands within the sheets were found. 34 Whether this discrepancy results from the force field used or the time scale sampled remains to be determined.
B. Fast aggregation route
We now discuss the fast-in terms of number of events-aggregation process observed in run R1, leading to topology T1 ͓Fig. 1͑a͔͒. The total energy and number of H bonds as a function of ART events are plotted in Figs. 2͑a͒ and 2͑b͒. Energy relaxation takes place in three steps: a rapid decrease occurs in the first 1400 events, with a drop from −50 to − 228 kcal/ mol; during the same period, the number of H bonds increases from 6 to 27. The decrease in energy slows down considerably until event 7100 ͑E = −251 kcal/ mol͒, where the dynamics brings the system to its lowest-energy structure ͑−279.7 kcal/ mol, event 8537͒.
The assembly process leading to topology T1 is summarized in Fig. 3 . From randomly chosen orientations and conformations of ten chains ͓Fig. 3͑a͔͒, aggregation starts by the simultaneous formation of a new parallel two-stranded ␤ sheet ͑chains 3-6͒ and a distorted three-stranded sheet ͑chains 9-1-2͒ resulting from the addition of chain 9 on the edge of the preformed dimer ͓event 1138, Fig. 3͑b͔͒ . Aggregation proceeds through association of chains 4 and 9, leading to a four-stranded ␤ sheet ͑chains 4-9-1-2͒ ͓event 2056, Fig. 3͑c͔͒ . Subsequently, the remaining free peptides diffuse around the tetramer-dimer complex ͓event 3700, Fig. 3͑d͔͒ and allow the formation of a five-stranded ␤ sheet ͑chains 7-2-1-9-4͒ and a two-stranded ␤ sheet ͑chains 11-12͒ interacting with a disordered trimer ͑chains 3-6-10͒ ͓see event 8029, Fig. 3͑e͔͒ . From there, chain 10 further stabilizes the mixed three-stranded ␤ sheet ͑chains 3-6-10͒, and chains 5 and 8, which do not participate in the ␤ sheets, explore the conformational space until the lowest-energy structure is encountered ͓event 8537, Fig. 3͑f͔͒ . Note that, at this event, chains 5 and 8 are fully stretched above the planes formed by the pentameric and trimeric ␤ sheets, respectively.
While the previous description helps one to understand the formation of the fibrillarlike structure, the trajectories are more complex. Evolution of the orientations and end-to-end distances of the chains constituting the final five-stranded ␤ sheet shows that, at the neighborhood of the preformed parallel dimer ͑chains 1-2͒, chains 9 and 4 become parallel ͓Fig. 2͑c͔͒ and extended ͓Fig. 2͑e͔͒ after ϳ1000 and 3000 events, respectively. By contrast, chain 7, initially antiparallel, progresses very slowly to a parallel orientation and goes to a fully parallel arrangement with chain 2 at event 8000 ͓Fig. 2͑d͔͒. Similarly, the lengths of chains 5 and 8 vary substantially throughout the simulation. The end-to-end dis-FIG. 1. Lowest-energy topologies. Topology T1 obtained in run R1 ͑a͒; topology T2 obtained in runs R2 ͑b͒, R7 ͑c͒, and R8 ͑d͒. We see that T1 is characterized by a high ␤-strand content, while T2 is amorphous in character.
tance of chain 5 fluctuates between 10 and 12 Å and that of chain 8 is less than 6 Å within the first 6000 events, and it takes ϳ2000 events to fully elongate them ͓Fig. 2͑f͔͒.
C. Slow aggregation routes
Eleven runs ͑R2-R12͒ do not explore an ordered ␤-sheet structure after 12 000 events and are considered to represent slow aggregation routes. To characterize the slow and fast aggregation pathways, it is useful to compare R1 with R2, which behaves much more like R1, and cluster the other ten runs. Figure 4 reports the evolution of energy, number of H bonds, and percentage of extended chains for R1, R2, and the clustered simulations. All runs show a rapid decrease in energy ͑from −50 to − 250 kcal/ mol͒, but runs R3-R12 leading to amorphous structures tend to relax significantly faster than in run R1, reaching a plateau in energy within 1000 events ͓Figs. 4͑a͒ and 4͑b͔͒. The remaining run, R2, follows closely the behavior of R1 and its energy flattens well past event 2000. As expected, the number of H bonds increases rapidly in all simulations. However, while runs R3-R12 stabilize their number of H bonds at around 17 ͓Fig. 4͑d͔͒, the number of H bonds continues to rise and reaches 36 in R1   FIG. 2 . Detailed analysis of the ART aggregation trajectory R1 as a function of ART events. ͑a͒ Total energy in kcal/mol, ͑b͒ number of H bonds, ͑c͒ orientation between chains 9 and 4, ͑d͒ orientation between chains 7 and 2, ͑e͒ end-to-end distances in Å of chains 4 ͑solid line͒ and 9 ͑dotted line͒, and ͑f͒ end-to-end distances of chains 5 ͑solid line͒ and 8 ͑dotted line͒. For clarity, the results are given until the lowest-energy state is located at event 8537. FIG. 3 . Snapshots of the self-assembly process leading to topology T1. ͑a͒ Initial state, ͑b͒ event 1138, ͑c͒ event 2056, ͑d͒ event 3700, ͑e͒ event 8029, and ͑f͒ event 8537 where the lowest-energy structure is detected.
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and 30 in R2 ͓Fig. 4͑c͔͒. R3-R12 are therefore trapped very early in amorphous states, while R1 and R2 still continue to evolve. The R3-R12 structures are not fully frozen, the network of H bonds varying substantially after 2000 events ͑data shown͒.
If we can identify some differences between the fast and slow aggregation runs by following the rate of energy relaxation, all runs display 50% of assembly-competent chains at event 1000 ͓Figs. 4͑e͒ and 4͑f͔͒. Here, a monomer is considered in an assembly-competent conformation if its end-toend distance is Ͼ12 Å. Surprisingly, it is beyond event 2000 ͓where a tetrameric ␤ sheet and a dimeric ␤ sheet are already formed in run R1, see Fig. 3͑c͔͒ that the percentage is higher in run R1 than in runs R2-R12. Figure 4͑f͒ also shows that there is a continuous evolution of amorphous structures, with a small but steady increase in the percentage of extended chains.
Thus, the question is what drives the exploration of fast and slow aggregation routes. The evolution of R g provides a first explanation. In runs R1 and R2, R g decreases in the first 2500 events from 26 to 11-12 Å ͓Fig. 4͑g͔͒ with a value of ϳ16.5 Å after 1000 events. Figure 4͑h͒ shows R g averaged over the ten runs R3-R12 with the standard deviation indicated by the error bars. The mean R g for these runs also decreases from 26 to 11 Å, but its lowest value is encountered only after 1000 events. It follows that a too rapid collapse in the early steps of aggregation increases the probability of exploring slow routes and amorphous structures. However, a more restrained decrease in R g is not sufficient to guarantee exploration of ␤-sheet assemblies.
To shed light on the differences between runs R1 and R2, which share similar evolution of energy relaxation, number of H bonds, and radius of gyration, we monitor the number of contacts within specific chains and the number of connections between a dimer and the remaining chains. Our hypothesis is that a dimer acts as a seed for propagation if the number of connections between the seed and the remaining chains varies slowly and is not too high, so that the reorganization of the monomers around the seed is not prevented by high energy barriers.
First, we focus on the dimer ͑chains 1-2͒ formed in the initial state of all trajectories. Figure 5͑a͒ shows that in R1, the number of connections reaches 12 at event ϳ1000, increases to 15 at event 19 000 ͓at this stage, two ␤ sheets are already formed; see Fig. 3͑c͔͒ , and then fluctuates around ϳ10 until the ground state is located. Figures 5͑b͒-5͑d͒ describe the same analysis for runs R2, R11, and R12 which explore the amorphous topology T2. ͓Identical results are obtained for the other runs ͑data not shown͒.͔ The evolution in the number of connections follows the same behavior, namely, 14-15 connections at event 1000 ͑versus 12 in R1͒, followed by an additional increase to 17 connections in the following 7000 events ͑runs R2, R7, R8, and R12͒.
While the number of connections between the dimer ͑chains 1-2͒ and the other chains distinguishes well between the early steps of the fast and slow aggregation trajectories, there is no such correlation with the number of contacts within the seed. In fact, the number of contacts within chains 1 and 2 is identical in the early steps of R1, R2, and R11 ͑ϳ7, Figs. 5͑a͒-5͑c͒͒ and is lower only in R12 ͓ϳ4, Fig.  5͑d͔͒ . The dimer remains therefore very similar between runs R1, R2, and R11.
Figures 5͑e͒ and 5͑f͒ report the same analysis on chains 1 and 9 for runs R1 and R2. These chains are involved in the formation of a three-stranded ␤ sheet ͑chains 9-1-2͒ that later evolved into a five-stranded ␤ sheet in run R1. The distributions of the number of connections in these two plots show again that the number of connections must not exceed a threshold to allow for a rapid aggregation to fibrillarlike structures. A value much higher than about 10 in our case ͓Fig. 5͑f͔͒ prevents the templating effect of a dimer.
IV. DISCUSSION AND CONCLUSION
The ART-OPEP technique has been used to monitor the process of NFGAIL aggregation and the steps by which amyloid fibrils assemble and grow. All simulations start from the same state consisting of a preformed dimer and ten disordered chains.
Among a total of 12 runs, one simulation forms orthogonal ␤ sheets, with a preference for parallel arrangement of the strands within the sheets. Such a parallel alignment is in agreement with experimental results. 47 This indicates that the ART-OPEP procedure is not biased towards the formation of antiparallel sheets as found for the A␤͑16-22͒ ͑Ref. 18͒ and KFFE peptides. 48 In this simulation, we see that the preformed dimer plays its template effect and facilitates elongation of one ␤ sheet, but another dimeric seed also forms in the early steps of aggregation. Direct aggregation to an amyloid fibrillarlike structure, with no evidence of intermediate amorphous states, is observed. This aggregation process has been described experimentally for a number of proteins, such as transthyretin under partly denaturing conditions 49 and the SH3 domain.
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Most simulations show, however, that the peptides form amorphous metastable aggregates, which are in dynamic equilibrium within 12 000 events. On the basis of KFFE simulations, 19 these aggregates should evolve to amyloid fibril-like structures if the simulations were continued. However, the number of events allowing for the detachment/ reattachment of the peptides and reptation moves of the chains is certainly important. 44 These slow aggregation pathways, involving amorphous aggregates, fit the nucleated conformational conversion model proposed by Serio et al. 50 They have been observed experimentally for several proteins, 11 including the Alzheimer's A␤40 peptide. 51 The observation of fast and slow aggregation routes for the present off-lattice dodecamer is consistent with a number of studies using different computational approaches, namely, Monte Carlo simulations using on-lattice dimers 24 and trimers, 25 DMD simulations of tetramers, 28 and ART-OPEP simulations on heptamers of KFFE, albeit the slow routes are much less populated for this tetrapeptide. 19 Although the early steps of aggregation involve a hydrophobic collapse in all runs, it is possible to provide an explanation for the occurrence of fast and slow routes. We find that a slow variation in the density of the peptides is necessary, but not sufficient to avoid amorphous aggregates. A more critical parameter is that the initial collapse must not go above a threshold of interchain interactions, that is, each chain must not possess too many connections with the other chains, so that the energy costs for rearrangement and elongation of the chains are low enough. This implies that, as for monomeric protein folding or glasses, 52 the acquisition of a ␤-sheet oligomeric structure requires minimal frustration and a low conformational entropy. In addition, for longer chains, which are essentially random coil in solution, the free energy barrier between amorphous aggregates and amyloid fibrillarlike structures should increase, in agreement with recent simulations. 20 The finding of two aggregation pathways and a preferred parallel alignment of the NFGAIL peptides within the sheets further validates our coarse-grained energy model. It also provides strong basis for replica-exchange molecular dynamics simulations with the OPEP force field to determine the free energy surfaces of large assemblies at an atomic level of detail. 
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